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Spectral hole-burningRoutinely prepared PS II core samples are often contaminated by a signiﬁcant (~1–5%) fraction of PS I, as well as
related proteins. This contamination is of little importance inmany experiments, butmasks the optical behaviour
of the deep red state in PS II, which absorbs in the same spectral range (700–730 nm) as PS I (Hughes et al. 2006).
When contamination levels are less than ~1%, it becomes difﬁcult to quantify the PS I related components by gel-
based, chromatographic, circular dichroism or EPR techniques. We have developed a ﬂuorescence-based
technique, taking advantage of the distinctively different low-temperature emission characteristics of PS II and PS
I when excited near 700 nm. The approach has the advantage of providing the relative concentration of the two
photosystems in a single spectral measurement. A sensitivity limit of 0.01% PS I (or better) can be achieved. The
procedure is applied to PS II core preparations from spinach and Thermosynechococcus vulcanus. Measurements
made of T. vulcanus PS II preparations prepared by re-dissolving crystallisedmaterial indicate a lowbutmeasurable
PS I related content. The analysis provides strong evidence for a previously unreported ﬂuorescence of PS II cores
peaking near 780 nm. The excitation dependence of this emission as well as its appearance in both low PS I
cyanobacterial and plant based PS II core preparations suggests its association with the deep red state of PS II.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
PS II core complexes are widely utilised to study fundamental pro-
cesses in PS II as it is the minimal photosynthetic assembly that can
evolve oxygen. PS II cores have the CP43 and CP47 proximal antennae
intimately attached to its D1/D2/cytb559 reaction centre protein assem-
bly. It is possible to isolate D1/D2/cytb559 reaction centre assemblies [1].
They undergo charge separation, but do not bind plastoquinones and
their tyrosines are not photoactive. Additionally, they do not retain
the oxygen-evolving centre containing the catalytic Mn4CaO5 cluster.
We have shown [2] that the reaction centre present in PS II core com-
plexes differs with that of isolated D1/D2/cytb559 in their absorption
characteristics, particularly in the 700–730 nm range.
PS II core complexes can be prepared to have an oxygen-evolving
capacity approaching that of membrane bound PS II or thylakoids.
Core complexes isolated from Thermosynechococcus vulcanus and close-
ly related thermophiles, have been successfully crystallised, allowing a
crystal structure determination [3] to atomic resolution (1.9 Å). These
crystal structures have in turn provided great impetus to theoretical
and experimental studies; the primary goals being the determination
of the mechanism of catalytic water oxidation at the oxygen evolvingights reserved.centre as well as a detailed electronic understanding of light harvesting
and reaction centre processes.
Core complexes derived from plants are usually prepared via a two-
step process.Membrane bound PS II is ﬁrst prepared and isolated (these
often are called BBYs). These preparations contain light harvesting com-
plexes (LHCs) and may incorporate a signiﬁcant amount of PS I. A sec-
ond detergent solubilisation step and a chromatographic separation
then provide puriﬁed PS II core complexes.
Separation of cyanobacterial PS II core complexes does not involve the
initial membrane-bound PS II preparation stage. Chromatographic sepa-
ration of cyanobacterial PS II cores canbe assisted by the creation of an ap-
propriate histidine-tagging mutant, which can then be separated via
binding to a nickel-afﬁnity column. PS II cores prepared from plant
sources may be contaminated by both LHCs and PS I. Cyanobacteria do
not typically have LHCs (Acaryochloris marina being an notable exception
[4]) butmay be contaminated by PS I and phycobillins. The PS I content in
cyanobacterial thylakoids is typically higher than that in plants, relative
to PS II.
The PS I content of a PS II core preparation can be estimated by gel-
based methods and EPR. We have also utilised the distinctive circular
dichroism (CD) signature of the ‘red trap’ states of PS I to provide
upper bounds for PS I related contamination [5]. EPR is sensitive to the
presence of P700+,which is generated bymild oxidation of a PS I sample
with ferricyanide. However, we have found that when the concentration
of PS I is below ~2%, the above methods become impractical. In plant
168 J. Morton et al. / Biochimica et Biophysica Acta 1837 (2014) 167–177systems, a preparation may have some PS I but also contain LHCs de-
tached from the PS I core. These also absorb in the 700–730 nm region,
giving rise to PS I-like long wavelength emission.
PS I does not ﬂuoresce well at room temperature but ﬂuoresces quite
strongly at low temperatures, having a characteristically broad emission
peak between 730 and 740 nm. The emission characteristics vary some-
what with organism [6]. PS I samples in which P700 is oxidised show a
weakened emission, slightly shifted to the blue [7]. PS II ﬂuorescence at
77 K exhibits the well-known peaks at 685 nm and 695 nm, labelled in
the literature as F685 and F685. PS II ﬂuorescence is strongly temperature
dependent [8,9] and the F685/F695 ratio varies signiﬁcantlywith both the
organism and the state of preparation of the sample. Fig. 1 provides non-
resonantly excited, 8 K and 77 K emission spectra of a typical membrane
(BBY) preparation, a PS I preparation and a PS II core preparation isolated
from spinach, normalised to the same number of detected quanta.
The emission of our spinach PS I preparation clearly shows a strong
peak near 680 nm, which is a characteristic of LHCII, as well as a broad
PS I emission peak near 735 nm. Although the latter emission overlaps
with vibrational sideline bands arising from F685 and F695 bands of PS
II, it is possible [10] to estimate the PS I content of a PS II preparation
by ﬁtting the full emission spectra with proﬁles associated with PS I
and PS II. The BBY sample emission spectrum (Fig. 1) indicates a signiﬁ-
cant PS I content and such a ‘ﬁtting’ approach is of value for high PS I
content samples. However, the presence of emission intensity arising
from light-harvesting assemblies LHCII, CP29 etc. which have vibrational
sideband features in the 730–740 nm region would make such an ap-
proach difﬁcult and somewhat ambiguous. Although Fig. 1 shows there
is signiﬁcant LHCII content of our PS I preparation, the temperature
dependence of the emission between 5 K and 77 K (Fig. 1 and Supple-
mentary data Fig. S1) shows that many of these LHCIIs are attached
to PS I. A signiﬁcant fraction of our sample is likely to be of the PS
I-(LHCII)3 type recently discussed [11]. Although there are now better
ways to prepare plant PS I preparations [12], the technique chosen has
the advantage of proceeding through a Triton detergent solubilisation
step, which is also utilised in the preparation of PS II plant core com-
plexes (in the BBY preparation step).
Quantiﬁcation of low-PS I content using a simple (non-resonant ex-
citation)ﬂuorescence excitation technique is not reliable. The PS I emis-
sion proﬁle varies with the form(s) of PS I present in both plants and
cyanobacteria [6,13,12]. Additionally, the overall emission from PS II is
both strongly temperature dependent and the emission proﬁle of PS II
itself varies with the degree of solubilisation of the proteins. The actual
PS I related species present in plant PS II core preparations are potential-
ly more solubilised than those in a purpose-made PS I preparation.
These more solubilised PS I related species may emit with their own
peak positions and linewidths. As mentioned above, the PS I emission
proﬁle varies when P700 is oxidised. In a PS II preparation containing
PS I exposed to light, the P700 present may become partially oxidised.
It has become important for us to quantify (and subsequently at-
tempt to reduce) the PS I content of PS II preparations, in order to
make systematic quantitative measurements on the deep red state
(DRS) in PS II cores [14]. This broad state in PS II spinach cores extends
to ~730 nmand has an estimated absorption intensity of ~0.15Qy chl-a.
The PS II core samples used in the original work were estimated to have
b1% PS I. This was determined by (the absence of) measureable CDWavelength [nm]
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Fig. 1. Emission spectra of membrane particles (BBYs) PS II cores and PS I prepared from
spinach at 77 K (left) and 8 K (right). Spectra are corrected for response of the system
and normalised to the same number of emitted quanta.signatures in the 690–730 nm region. This procedure required careful
low-temperature measurements on thick and very concentrated PS II
core samples. The low level of contamination in the particular core com-
plex sample utilised did indeedpreclude thepossibility of signiﬁcant ab-
sorption in the 700–730 nm region to be associated with PS I or its
related LHC fragments.
The initial observation of the DRS in PS II, along with its associated
photochemical activity, pointed to the DRS being the lowest excited
state of PS II. It was also suggested that this state may give rise to emis-
sion that extended beyond 730 nm. In the process of looking for this pu-
tative DRS emission, low temperature excitation of a PS II core sample
from spinach via Ti:S laser excitation beyond 700 nm was undertaken
[15]. These experiments gave rise to an easily measureable emission,
but its spectral features were attributable to a PS I related contaminant.
In this paper we develop a ﬂuorescence protocol that enables the
determination of the PS I/PS II ratio of a sample when the PS I content
is well below 5%. This determination is made for a range of PS II core
complex preparations, and has allowed us to identify preparations with
particularly low PS I related content. Furthermore, in emission spectra
of PS II cores with very low PS I, we have been able to identify an emis-
sion arising from excitation of PS II core samples with 700–720 nm
radiation. The systematics of the emission properties help enable us to
determine that it is not associated with PS I and indeed arises from PS II.
2. Materials and methods
Emission spectra were measured on a laboratory-constructed
spectrometer based on a high-resolution Spex 1404, 0.85 M double
monochromator incorporating an additional internal spatial ﬁlter
middle stage. This monochromator provides an extremely high
stray light rejection ratio of 1:1018. Gratings blazed at 750 nm with
1200 lines/mm were utilised along with a red sensitive RCA C31034 or
Hamamatsu R943-02 photomultiplier. This system provided good sen-
sitivity to beyond 800 nm,whilst havingmore than adequate resolution
(0.4 nm/mm slit width). The wavelength sensitivity of the system was
calibratedwith a black body source and spectra are corrected for system
response. The photosystem sampleswere loaded into a 200–400 μ thick
quartz ‘split cell’ of our own design [16,17]. The cryoprotectant utilised
was a 1:1 mixture of ethylene glycol:glycerol, made up to have a ﬁnal
40% v:v fraction, providing samples of high optical quality.
Cryogenic temperatures were routinely enabled by a simple and
efﬁcient quartz ﬂow tube system [18] operating with either liquid nitro-
gen or liquid helium. The excitation source was either a 1 mW helium-
neon laser at 632.8 nmor a Ti:S laser (Schwartz EO) pumpedwith a Con-
tinuumVerdi G CW laser operating at 532 nm. The laser was defocussed
to provide a uniform3 mmϕ excitation beam.Additional absorption and
emissionmeasurements weremade on an alternate apparatus previous-
ly described [14]. This utilised a Spex 0.25 mm double monochromator
ﬁttedwith a 250 W tungsten-halogen lamp, providing an extremely sta-
ble, spectrally pure and versatile broadband excitation source alongwith
a 0.75 M Spex single monochromator to analyse the emission.
PS II membrane and core complexes isolated from spinach were
prepared by themethodpreviously described [19]. A PS I samplewas iso-
lated from spinach using the procedure previously described [20,21].
T. vulcanus core complex samples were prepared as described [22,23].
In order to provide samples with less PS I content, crystals of PS II were
re-dissolved in a buffer containing 30 mM Mes (pH 6.0), 20 mM NaCl,
and 3 mM CaCl2.
3. Results
3.1. Absorption and selective emission of PS II and PS I
We have shown, from low temperature absorption, spectral hole-
burning (SHB) and ﬂuorescence line narrowing (FLN) [24,25,14] exper-
iments, that absorption, and subsequent emission, of the CP47 ‘trap’
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limit of ~704 nm. Beyond this point, absorption of the deep red state
(DRS) extends to 730 nm.
Absorption of plant and cyanobacterial PS I typically extends to
725 nm and beyond [6,12,13]. The details depend on the particular
organism and the organisation (monomer/trimer/LHC etc.) of the PS I
assembly. Absorption of PS I is relatively uniform (compared to PS II)
in the 690–720 nm region. Fig. 2 shows the absorption and emission
spectra of spinach and T. vulcanus PS 1 and PS II at 77 K. Absorption
spectra are placed on a molar extinction scale allowing the relative
absorption of PS I to PS II to be compared.
In exciting PS II core preparations containing PS I with radiation in
the 695–720 nm region, it is possible to enhance, very signiﬁcantly,
the intensity of the ﬂuorescence component due to PS I compared to
PS II, by selection of the excitation wavelength to a region where PS I
absorption dominates. For example, at 698 nm, the relative absorption
of PS I to PS I can be estimated to be ~50:1 (Fig. 2).
3.1.1. Excitation wavelength dependence of PS II emission
In addition to the different wavelength sensitivities in absorption
strength (and subsequent emission intensity) between the two photo-
systems, the emission spectra of PS I and PS II differ in a key fundamental
characteristic. Emission from the CP47 trap state in PS II is substantially
inhomogeneously broadened, whereas PS I emission is dominantly homo-
geneously broadened [26]. These characteristics are illustrated in Fig. 3.
These characteristics are evident in the Stokes shifts between absorption
and emission and are explored inmore detail by laser selective spectros-
copies [27,28,17] such as FLN and SHB, which probe homogeneous and
inhomogeneous broadening directly. The Small/Jankowiak [26,29]
groups in particular have investigated the ‘red trap’ states in PS I from
T. elongatus and Syn. 6803 in detail. Yang et al. [30] have attempted to
identify the ‘red trap’ pigments, although a consensus on the number
and location of trap states does not seem to have been achieved.
However, the signiﬁcance to this work is that ﬂuorescence spectra,
when directly excited from the lowest (emitting) excited state of a system
become markedly different for the two situations, i.e. homogeneous vs
inhomogeneous broadening. In the inhomogeneous broadening case,
the electronic origin region of each site (Schematic in Fig. 4) carries
signiﬁcant intensity and emission becomes dominantly resonant with
the excitation light. Resonant emission cannot normally be seen, as it
is overwhelmed with excitation light at (or very near to) the same
wavelength. However, strongly narrowed vibrational sideband features
(as FLN) can be seen. These features are shifted from the exciting light
energy by a vibrational quantum νground of the chromophore, as illus-
trated in Fig. 4. There are many vibrational modes that couple to a chlo-
rophyll Qy excitation. Fig. 5 reproduces previously published, highly
resolved FLN spectra of isolated CP47 preparations, demonstrating the
pattern of sharp vibrational sidelines characteristic of chl-a. Each sharp
electronic origin (Zero Phonon Line or ZPL) and its vibrational sideline
is also accompanied by a phonon wing (see Fig. 6). The intensity of
the phonon wing is governed by the electron–phonon coupling in theWaveleng
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Fig. 2. Scaled absorption, solid lines & l.h. scale with corrected emission, dashed lines & r.h. scale
77 K. T. vulcanusmolar extinction values are room temperature values reported for Thermosynec
[2] and corresponding values for spinach PS I are estimated from the integrated area of the Qysystem, analogously to the Frank–Condon factors for (molecular) vibra-
tional sidelines in electronic absorption spectra. The sharp vibrational
sidelines correspond to emission from a subset of the (CP47) assemblies
that have their ZPL at the energy determined by the exciting laser.
The linewidth of the vibrational sideline is governed, at low temper-
atures, by vibrational relaxation times, which are typically ~1–3 ps in
chlorophyll-like systems, an example being vibrational sideholes in
water soluble chlorophyll transport protein [31]. Thus the linewidth of
the FLN vibrational sideline, when excited by a narrow band laser, will
be of the order of a few cm−1 and has a Lorentzian (i.e. lifetime limited)
lineshape. At higher temperatures, the line remains Lorentzian but its
width increases rapidly due to vibrational relaxation and dephasing
processes.
An added complexity in interpreting an FLN spectrum is that the line
narrowing described above occurs in competition with spectral hole-
burning (SHB). SHB depletes the absorption of (CP47) pigment species
in the PS II core complex having a ZPL at the laser wavelength used in
excitation. Special techniques can be used to recover the FLN spectra
corrected for the effects of hole-burning in antenna systems [32] but
CCD based ﬂuorescence spectrometers are needed so that the amount
of exciting light required to accumulate an FLN spectrum is minimised.
We have shown [33] SHB in PS II core complexes to be particularly
efﬁcient, with the quantum efﬁciency (QE) in some circumstances
approaching unity [24]. Obtaining sharp-line FLN is thus more difﬁcult,
if not impossible, as all the sites of the inhomogeneous distribution hav-
ing their ZPLs at the excitation wavelength will become depleted via
SHB before sharp-line FLN spectra can be accumulated.
When a broader spectral width excitation source is utilised, low-
resolution FLN spectra of PS II cores can indeed be obtained [34]. SHB
is signiﬁcantly reduced by using a broadband excitation source as a far
wider range of single sites are accessed. For example, the linewidth of
the ZPL for a strongly-emitting chlorophyll at low temperatures can be
extremely small, at ~0.001 cm−1 FWHM or less. If an excitation source
of 10 cm−1 width is used, the same incident power is distributed
to ~104 more sites, compared to those accessed by a narrow-band
(i.e. b0.001 cm−1 FWHM) laser. The resolution of the FLN spectra
obtainedwith broadband excitation becomes determined by the spectral
width of the excitation source.
The (intentionally) low-resolution FLN spectra of PS II cores previ-
ously published [34] are reproduced in Fig. 5. They correspond well to
the published FLN spectra of isolated CP47 [35] when the latter spectra
are convoluted with a Voigt function so as to account for linewidth of
excitation used (~50 cm−1 FWHM). The low-resolution experiment
on PS II cores utilised a far lower excitation power (6 μW/cm2) com-
pared to the 100 μW/cm2 value used in the high-resolution FLN exper-
iment on isolated CP47. The two main features seen in low-resolution
FLN spectra of PS II cores occur at ~760 cm−1 and ~1200 cm−1 shifts
from the excitation frequency. We refer to these as the V1 and V2
sideband features in this manuscript; other weaker sideband features,
corresponding to other vibrational quanta in the ground state (Fig. 4)
behave analogously.th [nm]
Intensity (a.u.)
PS II
PS I
T. vulcanus
660 680 700 720 740
x10
of PS I (red) and PS II cores (green) of spinach (left panel) and T. vulcanus (right panel) at
hococcus elongatus [46]. Spinach PS II extinction coefﬁcients are taken from reported values
band and scaling it to the measured chlorophyll content of the preparation (see text).
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Fig. 3. Schematic of low temperature absorption (solid line) and emission (dashed line), for the inhomogeneous (‘CP47’) and homogeneous (‘PS I’) broadening cases. Individual pigments
have different excitation energies, giving rise to inhomogeneous broadening. Homogeneous broadening in PS I is due to strong electron–phonon coupling (see text).
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side-features are entirely absent in our spectra, although the spectrom-
eter itself is fully capable of resolving features narrower than 1 cm−1.
Additionally, Fig. 5 shows that the lineshape and intensity of the V1
and V2 sideband features are strongly temperature dependent in the
5–40 K range. At the lowest temperatures, V1 and V2 are weaker and
red shifted compared to the bands as seen at higher temperatures.
When broadband excitation at 698 nm is used to excite FLN, there isZPL
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(0,1)
(1,0)
(1,1)
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Fig. 4. A schematic of low-temperature chlorophyll-like single site absorption and emission
of electronic origins and their vibrational sidelines (see text). Each site has a narrow
electronic ZPL, accompanied by a phonon wing, being crudely represented by a Gaussian.
Phonon wings typically peak in the 20–100 cm−1 range and their intensity is dependent
on the electron–phonon coupling. Vibrational sidelines ν are shifted 400–1500 cm−1 from
the origin and also exhibit phonon-wings. Vibrational sidelines are typically ~1-10 cm−1
at very low temperatures due to vibrational relaxation in the ~ps timescale.virtually no temperature dependence of the V1 and V2 features over
the 1.7–35 K range (Supplementary Fig. S2). V1 and V2 do broaden
signiﬁcantly above 40 K. Parallel behaviour is seen in corresponding
temperature dependent broadband 698 nm excited emission spectra
of T. vulcanus PS II cores (Supplementary Fig. S2).
The phenomena seen above can be attributed to efﬁcient SHBprocess-
es, previously identiﬁed in PS II cores. Upon warming to the 20–40 K
range, the reverse of SHB, spectral hole-ﬁlling [36,24], out-competes
SHB, leading to the absorption strength at the excitation laser wave-
length being recovered. We have shown [37] that PS II core complexes
exhibit more rapid hole-ﬁlling as well as a strong (∝T2) dependence of
the hole width with temperature than seen in studies of typical light
harvesting complexes [27]. This enhanced hole-ﬁlling process in PS II
cores is responsible for the changes in laser excited emission spectra
seen in Fig. 5. Broadband excited spectra (Supplementary Fig. S2) show
that there is no intrinsic change in emission intensity in the low temper-
ature range.
A decrease in the intensity of FLN features with lowering tempera-
ture seems counter-intuitive, but an interplay between FLN and SHB
processes as suggested above has been reported [38] for the related
Zn-cytochrome-c system. Supplementary Fig. S12 demonstrates the
dramatic increase in sensitivity towards the PS I content in a PS II core
sample upon increasing the power density of laser excitation in an
experiment performed at 7 K. This relative increase in PS I emission,
relative to PS II, can be attributed to SHB processes in PS II signiﬁcantly
reducing the absorption of PS II at the laserwavelength,with absorption
due to PS I not being strongly affected.
As well as the ﬂuorescence excited by absorption into those sites
whose ZPL is resonantwith the laser energy (scenario A in Fig. 6), anoth-
er (far broader) range of sites, i.e. those which have signiﬁcant phonon
wing absorption at the laser wavelength, will also be excited. Subse-
quent emission from these sites, at temperatures lower thanphonon ex-
citation energies, arises from the ZPLs of this distribution of sites. This
process gives rise to a second, lower energy wing in FLN spectra as
depicted in scenario B of Fig. 6. The lower energy wing of the ‘double
wing’ originates from sites whose phonon wing is excited by the laser.
This lower component of the ‘double wing’ is broader than the primary
phononwing, as it is a convolution of thewidth of the originally excited
(phonon wing) and the proﬁle of the emission (ZPL + phonon wing)
arising from these sites. Fig. 6 scenario B depicts how the lower wing
is shifted from the primary wing by an amount comparable to the pho-
non wing peak frequency.
In the presence of strong SHB, the entire population of sites whose
ZPL is resonant with the laser frequency becomes depleted. Conse-
quently there is no (ZPL + phononwing) emission from these sites. Re-
sidual emission will come from the phonon wing excited emission, as
depicted in scenario C of Fig. 6. If broadband excitation is utilised and
SHB thus minimised, then emission will simply be a broadened version
of the FLN in scenario B.
To summarise, there is not temperature at which we actually see
narrow vibrational sideline FLN features appear in our laser-excited
spectra (see Fig. 5). At ~30 K, the broadband and laser-excited spectra
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Fig. 5. Trace a) is the FLN spectrum at 8 K of an isolated CP47preparation reported [35]. The dashed line (a′) is the same spectrum convolutedwith a Voigt proﬁle of FWHMwidth 50 cm−1
(see text). The strongest features occur in the regionsmarkedV1 andV2. Trace (b) is the low-resolution FLN spectrum of PS II cores at 1.7 K reported [8]. Traces (c), (d) and (e) are 698 nm
laser-excited FLN spectra of PS II core sample (b) at 11 K, 30 K and 38 K. Incident ﬂuence was 180–200 mW/cm2 (see text).
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at temperatureswhere hole-ﬁlling becomes dominant over SHB leading
to more absorption and therefore more emission, there is a rapid short-
ening of the dephasing time, which strongly broadens any re-appearing
ZPLs [36]. Thus, rather than narrow vibrational sideband features being
seen, ZPL intensity is re-gained in a strongly broadened form. This re-
covered ZPL intensity, along with the phonon-wing intensity coming
with it, leads to the overall increase in intensity and blue shift of the
V1/V2 regions with increasing temperature, seen in Fig. 5.
The T. vulcanus PS II core data in Fig. 7 exhibit the temperature
dependent phenomenology described by above scenarios. This sample
additionally exhibits a broad emission band near 740 nm, indicative of
PS I content. The phenomena shown in Fig. 7 are reproduced at otherZPL +
Phonon Wing
Excited FLNZPL excited 
FLN
Hole-Burnt 
FLN
Laser SelectiveEmission
double
wing
shifted
wing
single
wing
Vibrational Sideline
Resonant Emission
Scenario
A
Scenario
B
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C
Fig. 6. FLN features become modiﬁed in the presence of strong spectral hole-burning
(SHB). Scenario A is the simplest case, in the absence of SHB, and when only the ZPL of a
subset of pigment sites is excited. FLN spectra would then exhibit relatively sharp vibra-
tional sidelines, these having phonon wings mirroring those of the ZPL. Scenario B ac-
counts for phonon wings of the ZPLs of other subsets of pigments also being excited.
Relaxation occurs before emission from these sites, giving rise to a second, lower energy
FLN wing (see text). When strong SHB occurs (scenario C) the sites having ZPLs resonant
with the laser wavelength are strongly depleted. No sharp vibrational sidelines are then
seen. Only the second part of the double wing in scenario B survives, giving rise to a rela-
tively broad peak at lower average energy compared to FLN features in scenario B. This se-
lective emission arises from those sites whose phonon wing (but not ZPL) has signiﬁcant
absorption strength at the laser energy.excitation wavelengths and with other PS II samples, in an entirely sys-
tematic way.
3.1.2. Excitation wavelength dependence of PS I emission
The excitation wavelength dependence and temperature depen-
dence of PS I emission aremore straightforward. As this system is strong-
ly homogeneously broadened,withweak electronic origins, SHB and FLN
processes are less important and the system does not exhibit the
complex phenomenology of PS II described above. We have previously
reported [15] the excitation dependence of low temperature emission
using 707–725 nm laser excitation of a spinach PS II core complex sam-
ple which was concluded to have a PS I related contaminant (i.e. LHC-
730). Fig. 8 shows a detailed excitation wavelength dependence of the
PS 1 isolated from spinach, which shows an analogous broad, Stokes
shifted emission. Corresponding spectra of PS 1 in T. vulcanus are entirely
analogous and are provided in the Supplementary data (Fig. S4).
PS I emission is homogeneously broadened, exhibiting a substantial
Stokes shift. Emission intensity resonant near the excitationwavelength
is low, even when exciting directly into the emitting excited state. Such
resonant excitation (excitation into the emitting state) then leads, in
contrast to PS II, to a characteristically broad emission. This emission be-
comes only slightly narrower upon excitation at longer wavelengths,
with the peak gradually tracking to lower energy when longer wave-
length excitation is used. This reﬂects the inhomogeneous component
of the dominantly homogeneous broadening in PS I.
Note that the V1/V2 sidebands obtained by resonant excitation of PS
II maintain a constant energy displacement (i.e. that of a vibrational
quantum) from the exciting wavelength. In this characteristic, they be-
have like Raman peaks. However, ﬂuorescence and Raman processes
have distinctly different selection rules and dynamics. Only a single vi-
bration or phonon is excited in the Raman process, with combination
and overtone bands being characteristically weak. Chlorophyll FLN
typically exhibits vibrational sidelines combinedwith a phonon of com-
parable intensity. Such a process is forbidden in the Raman process. In
Raman spectra, phonon scattering is seen close to the laser line with
sharp vibrational sidelines appearing at greater energy displacements
from the laser line. In Raman spectra, these characteristic sharp vibra-
tional sideline peaks do not have an associated phonon wing, as seen
in FLN. Additionally, Raman scattering does not show dramatic broad-
ening in the 2 K–70 K temperature range, nor does it have the very
strong wavelength dependence of scattering intensity observed in our
spectra. Thus we can exclude the possibility of Raman processes con-
tributing signiﬁcantly to the emission phenomena reported.
Asmentioned in 3.1.1, weak SHB and FLN phenomenologies only be-
come evident in PS I when exciting at the very low energy edge of PS I
absorption [26,29]. The overall behaviour of PS I emission is consistent
with the ‘homogeneously broadened’ schematic in Fig. 3.
3.1.3. Excitation wavelength dependence of PS II emission
Adetailed analysis of the complex phenomenology exhibited by PS II
emission is ultimately well beyond the scope of this paper. The reader is
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Fig. 7. Temperature dependence of selective emission of a T. vulcanus sample excited by ~200 mW/cm2 laser excitation at 698 nm. The behaviour of V1 andV2parallels that in spinach (see
Fig. 5) and there is an additional broad emission feature near 730 nm due to PS I.
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sive discussion of FLN and SHB techniques. Our focus is to effectively de-
tect and quantify the PS I content and purity of PS II samples.
We have established (Figs. 5 & 7) that low-temperature excitation of
PS II samples in the 700 nmregion gives rise to characteristic broadband
emission from PS I related contaminants, as well as the FLN sideband
features (i.e. V1/V2 etc.) arising from CP47 in PS II cores. These latter
emission features are undeniably associated with PS II and are, apart
from competing SHB processes, independent of temperature in the
1.7–35 K range (Supplementary Fig. S2). Thus, these features can be
used to estimate the PS II concentration, especially as total sample ab-
sorption in the 700 nm region is inherently low, obviating any ﬂuores-
cence re-absorption.
Fig. 9 shows selective emission spectra of PS II core samples having a
measurable PS I content. These spectra utilise weak, broadband excita-
tion where SHB processes are minimised. This PS I content becomes
more clearly evident with excitation N 705 nm, where a broad PS I
band persists after the disappearance of the CP47 V1/V2 FLN sideband
structure of PS II.
The sensitivity of selective emission spectra towards PS I becomes
dramatically increased (Fig. 10) by using high power-density laser exci-
tation. In these circumstances strong SHB reduces PS II core absorption
at the laser wavelength. PS I does not suffer SHB to a signiﬁcant extent
and PS I ﬂuorescence becomes (relatively) more than an order of mag-
nitude more visible. In the T. vulcanus spectra broadband excited at
698 nm, PS I emission is barely visible whereas in laser excited spectra
the 735 nm peak is absolutely dominant.
Fig. 12 shows the wavelength-dependent selective emission spectra
of PS II core complex samples at 8 K of spinach and T. vulcanus having
low PS I content. The laser excitation utilised ensures an enhanced
visibility of any PS I content via SHB processes, as seen in Fig. 10. CP47
V1/V2 FLN structuresmove, as expected, to longer wavelengths and pre-
cisely follow the excitation wavelength. In both systems, there is a broad
(~500 cm−1 FWHM) residual emission near 780 nm, which becomes
more visible via excitation in the 710–720 nm region. The emission van-
ishes with excitation beyond 720 nm in both plant and cyanobacterialWavelen
In
te
ni
st
iy 
(a.
u.)
0
700 75
PS I Spinach
77 K
Fig. 8.Wavelength dependence of selective emission at 77 K of a spinach PS I sample (see tex
corrected for the power of the laser.samples. Supplementary Fig. S5 shows the deep red emission region in
T. vulcanus in more detail. At each excitation wavelength, the band is
least-squared ﬁtted to a Gaussian. The position, width and amplitude
are provided in Supplementary Table S1. The band position is reproduc-
ibly ﬁtted to 780 ± 2 nmwith a FWHMwidth of 22 ± 3 nm. The spec-
tra in spinach are similar but any ﬁtting is hampered by the persistence
of CP47 V1/V2 FLN features. This previously unreported emission will
be discussed further in Section 4.3.1.4. Absorption and selective emission of other potential ﬂuorescent
contaminants
A remaining concern is with regard to any other species that may
contribute to selective emission, when excited in the 698–730 nm re-
gion. In plant systems, LHC II, CP29 and other LHCs exhibiting absorption
and emission near 680 nm are not excited by excitation in the 698–
720 nm region. This was conﬁrmed by comparing selective emission
spectra of BBYs and PS II cores excited at 698 nm. The BBYs contain a sig-
niﬁcant fraction of LHC II but the PS II core sample far less. No difference
was seen in the V1/V2 selective emission features. Thus identiﬁcation
and quantiﬁcation of PS II via the V1/V2 features is not compromised
by the presence of these LHCs. A similar exclusion applies to any
phycobillins present in cyanobacterial T. vulcanus.
Species absorbing signiﬁcantly in the 698–700 nm region are PS I, in
its various solubilised/oxidised forms (trimer/monomer) and in plant
systems, LHCIs associated with PS I that may have become detached
from a native PS I assembly. These latter species also exhibit homoge-
neously broadened ‘red trap’ states [6] and give rise to broad, Stokes
shifted emission. The low temperature QE of emission of these ‘red
trap’ states is likely to be similar. To a ﬁrst order approximation, the
molar extinction of each ‘red trap’ will be that of that associated with
~2 (relatively broad) chl-as. An estimate of ε ~100,000 M−1 cm−1 for
each ‘red trap’ pair is appropriate.
Thus, for this case regardless of the particular formof the ‘PS I related’
contaminant present, they can be considered to absorb, through the ‘red
trap’, to a similar extent and have a broad, Stokes shifted, ‘red trap’gth [nm]
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Fig. 9. Selective emission at 1.7 K of a spinach sample (a) (upper) and non-recrystallised T. vulcanus (lower) PS II samples (see text) excited by 6 μW/cm2 broadband excitation at the
wavelengths indicated.
173J. Morton et al. / Biochimica et Biophysica Acta 1837 (2014) 167–177emission with a similar intensity. To our purposes, the precise nature of
the PS I related contaminant in plants is then not critical.
We particularly look to identify absorption features seen in the 700–
730 nm region which are due to the DRS of PS II and that do not arise
fromPS I, by calibrating the resonantly excited emission of the PS II sam-
ple, with and without known amounts of purposely added PS I. Regard-
less of the precise form of the PS I related contaminant, its long-
wavelength absorbing component is effectively monitored, and to an
equivalent extent, by monitoring the amplitude of the characteristic
Stokes-shifted emission. Additionally, this broadband PS I emission
can be calibrated against the (purely PS II) V1/V2 sideband features
which are proportional to the PS II content.
The low temperature absorption of spinach PS II at 698 nm has an ε
~20,000 M−1 cm−1, falling to ~10,000 M−1 cm−1 at 705 nm, the later
value [14] being attributable entirely to the DRS of PS II. Taking each PS I
‘red trap’ to have an (relatively uniform) ε ~100,000 M−1 cm−1 in the
698–705 region, allows us to vary the PS I/PS II absorption ratio from
an ~10 at 698 nm to much higher values near 704 nm (i.e. the
established limit of the CP47 absorption). Note that at 698 nm half of
the absorption is due to CP47 and the remainder due to the DRS.
Emission efﬁciencies of PS II and PS I at low temperatures [41] are
comparable (~10%). However, PS I emission is strongly Stokes shifted
and thus visible in a resonant excitation experiment. By contrast,
resonantly excited PS II emission is homogeneously broadened and
observable mainly through vibrational sideband structures V1/V2 etc.
Vibrational sidelines have only ~10% of the intensity of the resonant
emission and thus, PS I emission will be an order of magnitude more
visible than PS II. Additionally, at temperatureswhen strong SHB occurs,
PS II emission originates from (weaker) phonon wing excitation (see
Fig. 6), leading to a further bias to PS I emission over that of PS II.
Fig. 10 shows that this enhancement can be over an order of magnitude.Wavelength [nm]
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Fig. 10. Selective emission at 8 K of the T. vulcanus PS II sample utilised in Fig. 9, excited by
either a laser at 698 nm (70 mW/cm2) or broadband excitation (6 μW/cm2) at the same
wavelength. Spectra are scaled to have comparable CP47 V1/V2 FLN features (see text).Overall, we can look to engineer well-deﬁned protocols that leads to
a ~102–104 bias to PS I over PS II in (detectable) emission intensity,
whilst maintaining the distinctive difference in spectral characteristics
between the two photosystems. The methodology applies equivalently
to the various forms of PS I and LHCIs thatmay be present in a plant PS II
preparation. It utilises the absorption and emission characteristics of
their ‘red trap’ states, which are precisely those states whose absorp-
tions interfere with spectroscopic characterisation of the DRS state in
PS II core complexes.
The situation in PS I contaminated cyanobacterial PS II is different, as
in these organisms the PS II ‘red traps’ are not located in LHCIs attached
to the PS I core as in the plant case but within the PS I core itself. There
are usually no LHCs in cyanobacteria. The number, detailed nature and
excitation transfer between the ‘red traps’ in PS I in T. elongatus for its
monomeric/trimeric etc. forms are still under discussion [13,30]. It has
been suggested [42] that the ‘red traps’ in PS I may be associated with
pigment trimers and tetramers as well as dimers. Riley et al. [29] have
shown that degraded forms of PS I of T. elongatus absorb less strongly
in the red region, indicating a disruption of the ‘red traps’. If there are
forms of PS I present in a cyanobacterial PS II sample that are signiﬁcant-
ly different to that in the PS I calibration sample, a systematic error in
the estimation of the PS I content can occur. Such a situation may be
indicated by a different PS I emission peak position and/or width seen
from a PS II sample, compared to that obtained from the PS I calibration
sample.
A PS I content determination for cyanobacterial PS II sample contain-
ing modiﬁed or degraded PS I thus provides only an effective PS I con-
tent. The determination assumes that the PS I in the PS II has the same
properties as the PS I species used in the calibration process. If themod-
iﬁed PS I species present exhibit, via resonant excitation through the
700 nm–730 nm region, a comparable amount of ‘red trap’ emission
(per unit absorption) to that seen for the PS I used for calibration,
then the process still effectively monitors PS I-related absorption in
this spectral region important to the study of the DRS, which is the pri-
mary goal of this work.3.2. Quantiﬁcation of PS1 in PS II samples
The phenomenology developed above leads to the following
methodology:
• Excite samples near 700 nm with broadband and/or laser excitation
• Measure emission at LHe and/or LN2 temperatures
• Choose an excitation wavelength inducing comparable PS II & PS I
emission intensities
• Calibrate the broad, Stokes shifted PS I emission intensity by adding a
known amount of PS I to a PS II sample
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distinctive CP47 V1/V2 FLN features
The above approach overcomes a signiﬁcant difﬁculty in low tem-
perature ﬂuorescence spectroscopy, where the reproducibility of inten-
sity measurements made on a sample can be poor. The detected
intensity is dependent on the precise alignment of the sample relative
to the cryostat, the spectrometer and the excitation beam. Additionally
there is inherent variability of the optical properties of the frozen glasses
to consider. The ability to quantify distinctive features due to both PS I
and PS II in the same spectrum obviates this limitation.
Our experiments are always performed in a region of very low sam-
ple absorbance at the excitation wavelength. The total (CP47 + DRS)
molar extinction of plant PS II near 705 nm is ~20,000 M−1 cm−1
with that of PS I about an order of magnitude higher (see Fig. 2). A high-
ly concentrated PS II core (8 mg/mL chl-a) in a 200 μm cell thickness
has an absorbance of b0.1 at 700 nm and thus reabsorption of ﬂuores-
cence by the sample is minimal.
We have found that useful experiments can be performed at LN2
temperatures. The CP47 V1/V2 FLN features, though broadening signif-
icantly (see Supplementary Fig. S2) are still quite distinguishable. At this
higher temperature, spectra obtained utilising laser and broadband ex-
citation are virtually identical (Supplementary data Fig. S2). Emission
processes are somewhat weaker at 77 K but sensitivity can be regained
by using an excitation source of the greater power.
At LHe temperatures, ﬂuorescence quantum efﬁciencies become
higher, particularly for PS II. This leads to an overall increase in sensitiv-
ity of the experiment. Additionally SHB process below 30 K,when using
laser excitation, leads to weaker PS II V1/V2 features relative to PS I
emission (Fig. 10). This allows a smaller fraction of PS I to be identiﬁed
more reliably via exposing the broad PS I emission, relative to PS II V1/V2
emission.
3.2.1. Quantiﬁcation of PS I in cyanobacterial PS II cores
By using the phenomenology developed above (details of the proce-
dure used are provided in the Supplementary information), Fig. 11 leads
to a calibration of the PS I content of the PS II core preparation of the
T. vulcanus sample utilised in Figs. 9 and 10. The scatter seen around
the least-squared ﬁt line in Fig. 12 is due largely to the volumetric errors
associated with using very low volumes and viscous samples. The PS I
content in the PS II preparation is determined as 1.9%; that is 1.9% of
chl-a is present as PS I. As the number of ch-as in a PS I is ~3× that of
in PS II for T. vulcanus, the fraction of photosystems present as PS I
(mole fraction) in the sample is ~0.6%.
We note that this experiment, which was performed at 77 K, does
not require a laser and can be performed on a good-quality laboratory
spectroﬂuorimeter. The comparable amplitude of PS I and PS II emission
features, when 0.6% of assemblies are PS I (Supplementary Fig. S6), is in
accordwith the estimatesmade in Section3.1 based onmolar extinctionAdded PSI (%)
PS
 I 
In
te
ns
ity
0
-2 0 4 62
Fig. 11. PS I content as measured by PS I emission intensity of a T. vulcanus preparation
with calibrated amounts of PS I added. Spectra (Fig. S6) were taken at 77 K using
700 nm excitation. The PS I content of the (non-recrystallised) PS II core preparation is
determined to be 1.9 ± 0.7% by chl-a as PS I.of PS I and PS II (Fig. 2) in addition to the relative visibilities of the ﬂuo-
rescence of the two species when resonantly excited near 700 nm.
At 77 K, the practical limit of sensitivity in determining PS I content
whilst retaining a PS II FLN calibration feature is ~0.2% of photosystems
as PS I. A signiﬁcant increase in sensitivity towards PS I can however be
gained by measuring spectra at 8–10 K and utilising laser excitation to
take advantage of SHB processes. The consequent depletion of PS II ab-
sorption at the laser wavelength suppresses, very effectively, PS II emis-
sion features relative to that of PS I. Fig. 10 demonstrates the dramatic
effect of SHB. In the broadband excited spectrum where there is little
SHB, there is marginal if any evidence for any PS I content, whereas in
the laser excited spectrum, the PS I feature becomes absolutely domi-
nant. Fig. 10 points to a ~10–100 fold increase in sensitivity towards
PS I at the lowest temperatures when SHB processes suppress PS II
absorption.
Fig. 13 shows the selective emission spectra of T. vulcanus PS II cores,
sourced from the preparation that had not been recrystallised and those
of two preparations prepared by re-dissolving crystallised PS II. Spectra
are excited at 698 nm and at 8 K. In the corresponding spectra at 77 K
(Supplementary Fig. S7), the PS I emission evident in the regular prepa-
ration, which contains mole fraction 0.6% PS I, is far less pronounced.
This is due to the SHB process that suppresses PS II FLN emission not
being active at 77 K. The 698 nm laser spectrum in Fig. 10 of the same
PS I contaminated sample shows 2–3× enhancement of the PS I emis-
sion feature relative to the PS II FLN features. This was due to the higher
power density of the laser excitation utilised and to the laser illumina-
tion being made for a longer time before the spectrum was recorded.
This allowed SHB processes progress to a stronger depletion of PS II
CP47 absorption.
The spectrum of the (a) crystal based sample in Fig. 13 shows a
threefold reduction in PS II related emission compared to the non-
recrystallised PS II preparation, but the emission may not correspond
precisely to that from pure PS I excited at 730 nm. The (b) crystal sam-
ple has an order of magnitude less PS I related emission than the non-
recrystallised PS II preparation, However, it exhibits a tailing emission
in the 700–730 nm region that does not scale with the CP47 V1/V2
FLN features. This indicates an additional ﬂuorescent impurity.
A similar strong tailing of the (b) crystal sample is seen in the 77 K
spectra (Supplementary Fig. S7). The 77 K spectra are consistent with
the PS I content of both crystal based samples being an order of magni-
tude or more lower in both the (a) and (b) crystal samples.
The 8 K T. vulcanuswavelength dependent emission spectra in Fig. 5
exposes PS I emission in the (b) sample under longer wavelength exci-
tation. However, the parallel changes seen in the 700–730 nm tailing
emission, alongwith the fact that this tail feature is not clearly due to ei-
ther PS I related species or intact PS II makes further quantiﬁcation
difﬁcult.
3.2.2. Quantiﬁcation of PS I in spinach PS II cores
Experiments were performed on a range of spinach PS II core prep-
arations but in this paperwe report the properties of two samples iden-
tiﬁed as (a) and (b) in detail. It was found that samples prepared from
market spinach in winter had far less PS I content than those prepared
at other times.
As shown in Figs. 5 and12, sample (b) has nomeasureable PS I content.
Sample (a) has low but measurable content (Fig. 9 and Supplementary
Fig. S9). Using a procedure similar to that utilised for T. vulcanus samples,
the analysis in the Supplementary data establishes that themole fraction
of PS I of the (a) sample is 0.15 ± 0.08% PS I. In contrast to the T. vulcanus
recrystallised preparation analysis, the PS I content exhibited a very sim-
ilar emission spectrum to that of our isolated PS I preparation (see Fig. 8)
suggesting that the PS I species present was not signiﬁcantly degraded.
An upper limit for the mole fraction of PS I related content of the (b)
sample was determined (Supplementary information) to be 0.01%. A
comparison of the wavelength dependent emission spectra of the (im-
measurably-low) PS I content spinach PS II sample (b) in Fig. 12 with
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Fig. 12. Selective emission spectra at 8 K of ~1 mg/mL chl-a PS II core sample (b) of spinach (left panel) and recrystallised T. vulcanus sample (b) (right panel). Laser excitations are at the
wavelengths indicated and have an incident power density of 100–400 mW/cm2. Spectra are scaled to the same excitation power density.
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where there is a small (0.15%) but easily seen PS I emission component,
establishes the 780 nmband in both sets of spectra to have the same in-
tensity, relative to the to the PS II based CP47 V1/V2 FLN features. Con-
sequently, the 780 nm band intensity does not scale with the PS I
emission intensity. This helps establish that the 780 nm band is not
due to PS I and is due to PS II.4. Discussion
4.1. PS II core complex purity
The ability to expose the broad, long wavelength emission near
780 nm in both T. vulcanus and spinach has required the identiﬁcation
and quantiﬁcation of samples containing very low levels of PS I contam-
ination. In the case of T. vulcanus, this has only been possible via the
availability of recrystallised protein samples.Whereas theDRS in spinach
PS II cores has been seen in absorption extending to ~730 nm, parallel
measurements have not been possible for T. vulcanus or other organisms.
Further evidence [43] for similar long-wavelength absorption of closely-
related T. elongatus PS II comes from light induced QA− formation using
N700 nm illumination, but no quantiﬁcation of the absorption responsi-
ble for this photoactivity has been possible due to the interference by
absorption from PS I contaminants in the same spectral region.
This paper has gone to considerable lengths to describe and establish
protocols by which the PS I related content of a PS II core preparation
can be systematically and reliably estimated. Interestingly, useful mea-
surements can be made at LN2 temperatures using a simple broadbandFig. 13. Selective 8 K emission spectra PS II samples (a) and (b) having low PS I content as
prepared from recrystallised T. vulcanus PS II (green and black traces). The brown trace is
the PS II preparation containing 0.6% mole fraction PS I (see text). The three PS II core emis-
sion spectra are normalised to the same amplitude of the CP47 V1/V2 FLN features. The red
trace is a spectrumof T. vulcanus PS I. Spectra are excited at 698 nmwith powers of 3–8 mW.spectroﬂuorimeter. This appears to be a unique analytic application of
FLN and SHB phenomenologies.
In parallel, the data accumulated have provided strong evidence that
it is indeed PS II that is responsible for the ~780 nm emission seen. We
have observed similar long wavelength emission spectra in PS II core
preparations isolated fromother organisms. In each case, themagnitude
of the emission, relative to the benchmarking PS II FLN features, is com-
parable. We have noted that the long-wavelength emission persists
to LN2 temperatures before being overwhelmed by the growing tail of
the higher energy PS II emissions. This indicates that even at these tem-
peratures, equilibration of the DRS with the CP47 emitting pigments
may not occur. This possibility requires more precise spectra and a
quantitative analysis of the temperature dependence.
The recrystallised T. vulcanus preparation shows entirely analogous
emission to that seen in low-PS I spinach PS II cores (Fig. 12). The
780 nm feature is visible in non-recrystallised preparations, but less vis-
ible due to the increased presence of PS I emission. However, in each
case, the relative intensity of the 780 nm band scales with CP47 V1/V2
FLN features but not with the PS I emission in these samples. We feel
that there is little reason to suspect that the long wavelength emission
is not a characteristic of all PS II centres in a sample.
4.2. Long wavelength emission from PS II
If the dipole strength of the DRS is ~0.15 of that of Qy in chl-a as re-
ported [14], its radiative lifetime would be ~100 ns. Any emission from
the DRSwould need to compete with charge separation and other non-
radiative processes. The latter are likely to bemuch faster.With 698 nm
excitation, the DRS and PS II CP47 absorption strength (at LHe temper-
atures) are comparable (Section 3.1.4). In Fig. 12, it is clear that the PS II
FLN emission features have, cumulatively, a comparable intensity to the
long wavelength emission.
If we estimate resonant emission QE from the CP47 proximal anten-
na to be ~10% and the total sideband intensity (i.e. the integral of the
CP47V1/V2 FLN features etc.) to be ~10% of the resonant emission as ar-
gued in Section 3.1.1, then prima face, the QE of the long wavelength
emission would be of the order of 1%. However, in Fig. 12, we have
established that PS II FLN features are suppressed by SHB processes.
Thus the actual QE of long wavelength emission is likely to be 1–2 or-
ders of magnitude lower than the 1% estimate above. This then would
predict a lifetime of the long wavelength emission to be in the range
of 10–100 ps.
Vasil'ev et al. [44] suggested some time ago that excitation transfer
between the proximal antennae CP43 and CP47 to the reaction centre
would be slow, based on inter-pigment distances in early crystallograph-
ic data. We interpreted [33] SHB data on PS II core complexes to conﬁrm
that these rates were indeed slow at low temperatures. From the data in
the current paper, it is evident that emission from the reaction centre in
PS II core complexes of both plants and cyanobacteria peaks near
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~1700 cm−1 to higher energy, in the 685 nm to 695 nm region. Thus
these emission processes must be strongly decoupled. The well-known
strong temperature dependence of PS II core emission suggests that
there may be thermally activated excitation transfer process from the
proximal antennae to the reaction centre. The DRS clearly needs to be
included in the modelling of such processes and the detailed nature of
the emission processes in PS II thus needs to be re-examined on this
basis.
The large Stokes shift between the putative peak of the DRS absorp-
tion reported (705 nm) and the long wavelength emission reported
here (780 nm) ismore than expectedwith a nominal origin of a strong-
ly homogenously broadened DRS absorption assigned to be near
730 nm. We note that the reported DRS peak position of 705 nm was
not directly observed but estimated via a Gaussian least-squared ﬁtting
analysis, which alsomodelled CP47 proximal antenna absorption. How-
ever, the width of the new emission feature appears comparable to that
of the DRS (500 cm−1 FWHM).
It may be that the DRS absorption is signiﬁcantly broader, extending
to higher energies and that the true linewidth of the long wavelength
emission has not been fully revealed by the limited analysis in Supple-
mentary Fig. S5. More detailed spectra extending beyond 800 nm are
required. A broader linewidth of theDRS and the longwavelength emis-
sion would bring our understanding more into line with the (higher
energy) charge transfer state in PS II core complexes identiﬁed [45] by
Stark modulation spectroscopy.
5. Conclusions
A quantitative determination of the spectral features, function and
signiﬁcance of the DRS and its putative long-wavelength emission sys-
tem will require more detailed experiments and very likely, the use of
PS II preparations containing less than 0.08% mole fraction PS I related
contaminants. The calibrations, procedures and protocols developed in
this paper can serve to effectively monitor the purity of PS II core sam-
ples utilised.
The uncovering of the long wavelength emission at 780 nm in PS II
core complexes helps open the possibility of an examination of any
functional role of the DRS state in more detail.
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